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The observation was made that dehydroepiandrosterone
(DHEA), as the unconjugated steroid, and its sulfate ester
(DHEAS) are present in the brain of adult male rats (1). This
finding was unforeseen because the rodent steroidogenic
glands, including the adrenals, do not secrete significant
amounts of DHEA (2). It led to the discovery of a steroid
biosynthetic machinery in the nervous system, in charge of
producing neurosteroids.

This term, neurosteroids, was proposed in 1981 (3). It
applies to the steroids, the accumulation of which occurs in the
nervous system independently, at least in part, of supply by the
steroidogenic endocrine glands and which can be synthesized
de novo in the nervous system from sterol precursors. The
steroid precursors along their biosynthetic pathways can be
formed in situ and assayed.

This definition applies to DHEA. To demonstrate that brain
DHEA is independent of peripheral steroidogenic glands,
endocrine manipulations were conducted in rats. Injections for
3 days of long-acting preparations of corticotropin (b1–24
ACTH), to stimulate adrenal steroidogenesis, or of dexameth-
asone to inhibit endogenous ACTH secretion, were not ac-
companied by clear-cut changes of brain DHEAS (1). Brain
DHEAS was unchanged 1 day after castration, whereas tes-
tosterone completely disappeared from the brain. No obvious
difference was observed when castrated adrenalectomized
males were compared 15 days after operation with sham-
operated controls (1, 4).

It thus was logical to assume that DHEA synthesis evolves
in two steps from cholesterol, as described for steroidogenic
glands, principally catalyzed by two different cytochrome

P450 enzymes: cholesterolO¡
P450scc

Pregnenolone (PREG)

O¡
P450c17

DHEA (Fig. 1).

Indeed PREG was found in the brain, at concentrations
about 1 order of magnitude larger than those of DHEA, as
might be expected from a precursor-to-product relationship
(5). The concentrations of PREG and of its sulfate ester
PREGS were of the same order of magnitude, and about
10-fold larger than in plasma. They were found at least in part
independent of the activity of steroidogenic glands.

Solid evidence has been accrued for the biosynthesis of
PREG in the nervous system (reviewed in ref. 6). Incubation
of primary cultures of rat forebrain glial cells with a precursor
to cholesterol led to the formation of cholesterol, PREG,
progesterone, and 20a-dihydro-PREG, and incubation of rat
oligodendrocyte mitochondria with cholesterol yielded preg-
nenolone (7, 8). There is only one cholesterol side-chain
cleavage enzyme, named cytochrome P450scc, with strong
structural similarity between rodent, bovine, and human spe-
cies. The presence of immunoreactive P450scc protein in the rat
and human brain has been established in the white matter and
in primary cultures of the newborn rat forebrain glial cells (9).

However, the abundance of P450scc mRNA is exceedingly low
and could be demonstrated only by reverse transcription–PCR
(RT-PCR) (10–12).

Major efforts were devoted to the elucidation of DHEA
biosynthesis in the brain (13). However, incubations of
[3H]PREG (and sulfated or acetyl ester derivatives) with brain
slices, homogenates and microsomes, with primary cultures of
mixed glial cells, or with astrocytes and neurons of rat and
mouse embryos, never produced a radioactive metabolite with
the chromatographic behavior of [3H]DHEA. Moreover, all
attempts to demonstrate the P450c17 antigen immunohisto-
chemically in the rat brain with antibodies to the enzyme
purified from pig testis and in the guinea pig brain with specific
antibodies to the enzyme from guinea pig adrenal were
unsuccessful (14). Accordingly, Mellon and Deschepper (10)
failed to detect the mRNA for P450c17 by RNase protection
assays and RT-PCR. Only a transient expression of the mRNA
for this enzyme during embryonic life was reported (15),
however a conflicting report indicated its presence also in the
adult rat brain (12). Thus, the pathway(s) by which DHEA
biosynthesis occurs in the brain remains controversial.

The biosynthesis of PREG also occurs in the rat retina,
where it is the most abundant steroid. Although it has been
suggested by Guarneri et al. (16), the presence and activity of
P450c17 in retina has not been conclusively demonstrated. We
failed also to demonstrate the direct conversion of radioactive
cholesterol or sesterpene to DHEA (17, 18). However, Prasad
et al. (19) have been able to generate PREG and DHEA from
organic solvent extracts of rat brain by reaction with various
reagents. They have suggested the intermediate formation of
cholesterol 17,20-cycloperoxide or 17-hydroperoxide in an
hypothetical biochemical pathway from cholesterol to DHEA.
Their results are supported by a recent report of Cascio et al.
(20). Previous reports had indicated that C6 rat glioma cells in
culture biosynthesize both PREG and DHEA, despite the
complete lack of expression of P450c17. Adding FeSO4 to the
culture medium increased the synthesis of both neurosteroids,
even in presence of specific inhibitors of P450scc andyor
P450c17. These results were interpreted as caused by the
fragmentation of in situ-formed tertiary hydroperoxides (‘‘hy-
droperoxide pathway’’). Namely, the precursor of brain DHEA
might be a steroid where both C-17 and C-20 are oxygenated.
The enzyme(s) responsible for these conversions are unknown.

The description of DHEA as a neurosteroid has triggered a
vast body of pharmacological studies showing that DHEA and
DHEAS are neuroactive steroids. Their neurotrophic effects
first were reported by Roberts et al. (21). When cultures of
dissociated brain cells of mouse embryos were cultured with
either DHEA or DHEAS, prominent increases were found in
the numbers of neurofilament-positive neurons and glial fibril-
lary acid protein-positive astrocytes, with extensions of the
processes of both types of cells.

The work of Compagnone and Mellon (22) in this issue of
the Proceedings is a remarkable contribution to the neurotro-
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phic function of DHEA and DHEAS. They have postulated
that the developmentally regulated, region-specific expression
of P450c17 in the rat embryo might be involved in brain
development. Because P450c17 is expressed in neurons of the
cortical subplate, a region involved in guiding thalamic fibers
to their cortical targets, Compagnone and Mellon have con-
sidered the eventual role of DHEA and DHEAS in regulating
motility andyor growth of cortico-thalamic projections. For
that purpose, they have used cultures of neocortical neurons of
embryonic day 16.5 rats. They have made the observation that
DHEA and DHEAS not only were both active, but that their
effects were different. DHEA selectively increased the length
of neurites containing the axonal marker Tau-1, and the
incidence of varicosities and basket-like process formations,
whereas DHEAS selectively increased the length of neurites
containing the dendritic marker MAP-2. Moreover, these
effects were dose-related and observed at subnanomolar con-
centrations of either DHEA or DHEAS, within the range
reported in the adult and newborn rat brain (23).

Compagnone and Mellon have attempted to define the
mechanism by which DHEA and DHEAS exert their neuro-
trophic effects. They have observed that the noncompetitive
N-methyl-D-aspartate (NMDA) receptor antagonist MK801
(dizocilpine) blocked axonal growth stimulated by DHEA, but
did not block dendritic growth stimulated by DHEAS. The
involvement of NMDA receptors was further substantiated by
the study of calcium uptake in cultured neocortical neurons.
Subnanomolar concentrations of DHEA increased intracellu-
lar Ca21 concentration ([Ca21]i), whereas DHEAS was inef-
fective. NMDA receptor antagonists decreased the response of
[Ca21]i to DHEA.

Indeed, DHEA is a naturally occurring excitatory neuroac-
tive steroid. DHEAS has been reported to increase neuronal
excitability (firing rate) when directly applied to septal-
preoptic neurons (24). Both DHEAS and PREGS behave as
g-aminobutyric acid type A (GABAA) receptor antagonists at
low micromolar concentrations, although their properties are
not identical, PREGS displays mixed GABA agonisticy
antagonistic features, whereas DHEAS behaves as a mere
antagonist (25, 26). DHEA mimicks the effects of DHEAS,
although less potently.

In the nanomolar range, PREGS is also a potent positive
allosteric modulator at the NMDA receptor, whereas DHEAS
is weakly active (27). DHEA was not previously reported to be
directly active at NMDA receptors. However DHEAS, in the

high nanomolar range, might indirectly stimulate NMDA
receptors via a modulation of s1 receptors (28). DHEA was
not active on these receptors when applied to hippocampal
slices (28); it was shown to be active in vivo after intravenous
administration, but in that case its conversion to another active
molecule could not be excluded (29). DHEAS also attenuated
dizocilpine-induced learning impairment in mice via s1 re-
ceptors, because its enhancing effect was antagonized by
co-administration of the s1 antagonist BMY-14802 (30).

Therefore, although several reports indicate a direct or
indirect involvement of exogenous DHEA in the potentiation
of NMDA receptors, they disagree on the nature of the active
moiety (DHEA or DHEAS) and its active concentration
(subnanomolar or submicromolar).

Furthermore, all of these studies do not bring any informa-
tion about the physiological role of endogenous DHEA and
DHEAS. Such information rests primarily on the availability of
sensitive and specific methods for the assay of neurosteroids in
relevant brain structures. Indeed the radioimmunoassays,
which are still by far the most often used technique for the
measurement of neurosteroids, have a far too low sensitivity
and an eventual lack of specificity to allow the rigorous
measurement of DHEA and DHEAS in the developing neo-
cortex, and therefore to validate their potential physiological
role. For this purpose, GC negative ion chemical ionization-
mass fragmentography recently has been introduced, with still
only preliminary results (31).

To date, there are only two reports showing a correlation
between endogenous neurosteroid levels in defined nervous
structures and corresponding function: the first one deals with
progesterone synthesis in Schwann cells and its role in periph-
eral nerve regeneration after a cryolesion (32), the second one
shows a striking positive correlation between the concentra-
tion of PREGS in the hippocampus of 2-year-old rats and their
spatial memory performance (33). DHEAS is abundant in
monkey and human brain (23) and might regulate memory
performance in humans as PREGS does in rodents.

In conclusion, DHEA, formerly believed to be only an
intermediary steroid in the biosynthetic pathway of sex steroid
hormones (androgens and estrogens), has documented previ-
ously unsuspected activities apparently of its own, although its
conversion to active metabolites cannot be formally excluded.
The ‘‘receptor(s)’’ responsible for the direct action of
DHEA(S) are still unknown. In humans, the concentrations of
DHEA(S) are very large in plasma and in brain, and even more

FIG. 1. Brain DHEA(S) metabolism. The biosynthesis of PREG and DHEA might proceed from cholesterol either through the classical pathway
involving successively cytochromes P450scc and P450c17, or by an alternative pathway involving the intermediacy of sterol andyor steroid
hydroperoxides. DHEA is reversibly converted to DHEAS and is the precursor of several metabolites, including sex steroid hormones.
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so in the fetus, because of the presence of the so-called fetal
zones in the adrenals, which regress after birth. The only
documented function of fetal DHEAS is as a precursor of
placental estrogens (34). An organizational role in the devel-
oping central nervous system is suggested by the report of
Compagnone and Mellon (22).

1. Corpéchot, C., Robel, P., Axelson, M., Sjövall, J. & Baulieu, E. E.
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